For Bi 2 Sr 2 CaCu 2 O 8+␦ ͑Bi-2212͒ high-T c superconducting whiskers, we investigate the dependence of critical current densities J c on magnetic fields along the crystal c axis at elevated temperatures around 70 K by electrical transport measurements, where a dc current is applied along the longest dimension, i.e., the a axis, of the whisker. The voltage-current ͑V-I͒ characteristics are varied nonmonotonically by the applied magnetic field H. It is found that J c increases with the field in the low-field regime near the lower critical field H c1 and then decreases with increasing field. The peak of J c ͑H͒ occurs below several tens of oersteds, which is remarkably low by comparison with the conventional peak effect in Bi-2212 bulk single crystals. In addition to the enhancement of J c , the field-induced zero-voltage state is confirmed to be a function of the magnetic field. The present peak effect is a phenomenon involving dilute vortices confined by surface barriers in a finite narrow width, which is of the order of the translational correlation length with respect to the triangular vortex lattice. The low-field-induced peak effect for a quasi-one-dimensional geometry with surface barriers is discussed.
For Bi 2 Sr 2 CaCu 2 O 8+␦ ͑Bi-2212͒ high-T c superconducting whiskers, we investigate the dependence of critical current densities J c on magnetic fields along the crystal c axis at elevated temperatures around 70 K by electrical transport measurements, where a dc current is applied along the longest dimension, i.e., the a axis, of the whisker. The voltage-current ͑V-I͒ characteristics are varied nonmonotonically by the applied magnetic field H. It is found that J c increases with the field in the low-field regime near the lower critical field H c1 and then decreases with increasing field. The peak of J c ͑H͒ occurs below several tens of oersteds, which is remarkably low by comparison with the conventional peak effect in Bi-2212 bulk single crystals. In addition to the enhancement of J c , the field-induced zero-voltage state is confirmed to be a function of the magnetic field. The present peak effect is a phenomenon involving dilute vortices confined by surface barriers in a finite narrow width, which is of the order of the translational correlation length with respect to the triangular vortex lattice. The low-field-induced peak effect for a quasi-one-dimensional geometry with surface barriers is discussed. 
I. INTRODUCTION
In type-II superconductors, the vortex state under low magnetic fields near the lower critical field H c1 is governed by the elasticity of vortices, thermal fluctuations, and the dimensional contribution of the superconducting anisotropy to the fluctuations rather than the bulk pinning due to crystal defects. The characterization of dilute vortices is useful for understanding the correlation of vortices. In an actual system, surface barriers such as Bean-Livingston surface barriers 1 ͑BLSBs͒ and geometrical barriers 2, 3 ͑GBs͒ are induced owing to the surface or edge of the samples. Consequently, it is necessary to take the effect of the surface barriers into account for the characterization of dilute vortices. The energy potential induced by the surface barriers causes the suppression of thermal vortex depinning, i.e., the magnetic flux penetrating a sample is pushed toward the center of the sample by the Lorentz force due to the Meissner screening current. As a result, the surface barriers produce remarkably different vortex dynamics with regard to the behavior described on the basis of the Bean model:
4 a vortex dome induced by GBs, 3 the suppression of the vortex motion that appears as a sharp drop in the electrical resistance in the vicinity of the bulk first-order melting transition, 5 and an asymmetric shape between the ascending and descending branches of the magnetization loop. 6 In particular, for microscopic platelet samples, the surface barriers make the properties of the dilute vortices complicated because the ratio of the surface region, i.e., the flux-free region, 7 to the sample volume is large by comparison with that of bulk samples.
The properties of dilute vortices have been investigated to obtain knowledge of the vortex dynamics at a finite size. For two-dimensional geometry with a finite sample thickness in low-T c and high-T c bulk superconductors, dilute vortices have been visualized and characterized by magneto-optical techniques, [8] [9] [10] the Bitter decoration method, 11, 12 and the Hall-probe array technique. 3 However, for a quasi-onedimensional geometry as in whiskers, where the influence of the surface and edge is more dominant with regard to the properties of the dilute vortices than in the case of bulk samples, the vortex dynamics influenced by the surface barriers is not well understood because of difficulties in sample preparation and the limitation of the experimental techniques.
The magnetic flux that penetrates a platelet sample varies according to the aspect ratio ͑width-to-thickness ratio͒ of the sample because of the BLSBs and GBs, although the dependence of the penetration field H p for the BLSBs on the aspect ratio is not due to the existence of the surface barrier but to the demagnetization factor. 3, [13] [14] [15] [16] In fact, vortex motion is influenced intensely by the BLSBs and the flux penetration is suppressed in a wide range of temperatures, as reported for Bi 2 Sr 2 CaCu 2 O 8+␦ ͑Bi-2212͒ high-T c superconducting whiskers in Refs. 17 and 18. Moreover, at high temperatures, GBs rather than BLSBs dominate the flux penetration owing to flux creep, as described for a platelet sample. 19 The contribution of GBs is characterized as hysteretic behavior in the magnetization loops observed at high temperatures where bulk pinning is almost ineffective. The magnitude of the hysteresis varies according to the shape of the sample; in particular, for platelet samples, the vortex motion is influenced significantly. 20, 21 For the investigation of superconducting properties influenced by such surface barriers in small samples, Bi-2212 whiskers have a favorable morphology: a high crystallinity that leads to a regular geometry. The whiskers are striplike crystals with tiny cross sections on a micrometer or submicrometer scale. It is known that the a, b, and c crystal axes of the as-grown whisker are parallel to the directions of the length, width, and thickness, respectively. With regard to the properties of Bi-2212 whiskers with tiny cross sections, although the magnetic properties under magnetic fields along the c axis have been reported using the Hall-probe array technique, 17, 18 the dynamic properties of the dilute vortices remain indistinct because very few studies have reported using dynamic measurements like electrical transport measurement under low magnetic fields. In high-T c superconducting whiskers, the critical current density J c , which reflects the pinning force of vortices, is expected to exhibit a complicated dependence on the magnetic field owing to the surface barriers and the small sample size. Revealing the behavior of J c with respect to the field in Bi-2212 whiskers is important for applications of high-T c superconducting whiskers to actual devices with transport current as well as for gaining insight into the fundamental physics of vortices in small crystals.
In the present paper, J c in Bi-2212 whiskers with narrow widths is measured as a function of the magnetic field along the crystal c axis by electrical transport measurements. As a result, the peak effect of J c is observed in the low-field regime and the enhancement in J c is verified by a field-induced zero-voltage state. In addition, the peak effect is discussed to clarify the influence of the finite size, i.e., the narrow widths of samples, and the surface barriers on dilute vortices.
II. EXPERIMENT
The Bi-2212 whiskers were prepared under the following conditions by a simple fabrication method, namely, the selfpowder-compaction method. 22 The growth temperature, oxygen partial pressure in the growth atmosphere, and growth time were 875°C, 0.2 atm, and 100 h, respectively. A mixture of O 2 and Ar gases flowed during the heat treatment for the control of the oxygen partial pressure. In this work, Bi 2+x Sr 2−x CaCu 2 O 8+␦ ͑x = 0.2͒ was chosen for the composition of the pellets used as the precursor for the growth of the Bi-2212 whiskers. Whiskers with narrow widths below approximately 10 m were used for the electrical transport measurements because the surface barriers are sensitive to crystallinity, similar to their sensitivity to the surface condition. In the present paper, among several measured whiskers, data are presented for two samples A and B with different widths. The length, width, and thickness of sample A were 680, 7.1, and 0.8 m and those of sample B were 508, 5.4, and 0.6 m, respectively. The thickness-to-width ratio t / w for sample A was approximately equal to that of sample B, which was approximately 0.11. A standard four-probe technique was employed with silver-coated electrical contacts for the electrical transport measurements on the individual Bi-2212 whiskers. A dc current was applied along the a axis. The temperature dependence of the electrical resistivity was investigated using a transport current of 10 A, which corresponded to the current density ranging from 100 to 400 A / cm 2 . The assumption that the nonlinear effect due to the current density was negligibly small was confirmed by the Ohmic behavior of the voltage measured at 200 K. Voltage-current ͑V-I͒ characteristics were measured at high temperatures in the range 70-77 K below T c in the absence and presence of applied magnetic fields along the c axis. J c in the direction of the a axis was estimated from the V-I curves. The voltage value of 0.5 V was used to determine the values of J c . Electric fields corresponding to this voltage were 26 V / cm for sample A and 18 V/cm for sample B. In addition to the measurement of the V-I characteristics, the voltage was measured for a fixed transport current and a constant temperature in the same temperature range with magnetic field ramping. The field along the c axis was ramped up or down to individual target fields at 5 Oe intervals step by step with a waiting time of 3 s. The ramping time from one target field to the next was approximately 60 s. The electrical transport measurement was carried out using a physical property measurement system ͑PPMS; Quantum Design͒, a commercial dc current source, and a commercial nanovoltmeter. Figure 1 shows the electrical resistivity as a function of the temperature for samples A and B. The samples are almost identical with regard to the temperature dependence of their resistivities. In addition, the samples have a single-step superconducting transition with T c,zero = 82 K, which is defined as the temperature where the resistivity falls by four orders of magnitude compared to the value at 300 K. These results suggest that the carrier densities of the samples are almost identical. The whiskers are estimated to be slightly overdoped. 23 With regard to the flux penetration, the thickness-to-width ratios t / w of the samples with rectangular cross sections are an important factor for taking into account the influence of the surface barriers. As the ratio becomes larger, the penetration of flux into the sample is suppressed, namely, H p becomes higher. 3, [13] [14] [15] [16] Therefore, it is considered that the magnitude of H p for sample A is similar to that for sample B because the samples have the same value of the ratio; the difference in the longest dimension between samples A and B may result in a slight discrepancy in the behavior of the flux penetration. Figure 2͑a͒ shows the V-I curves obtained for sample A at 73 K under various magnetic fields for the zero-field-cooled ͑ZFC͒ mode; this means that the field was applied after the zero-field cooling of the sample. The V-I curves for the increasing current are almost the same as those for the decreasing current. This reversibility between the increasing and decreasing processes is also obtained in the case of the V-I curves for the field-cooled ͑FC͒ mode, which implies the measurement after field cooling to 70 K. The absence of hysteresis in the V-I curves suggests that the influence of edge contamination, which was observed by Paltiel et al. in the case of a strip configuration in Ref. 24 , on the state of the vortices that penetrate to the center of the sample is negligible. If the edge contamination acted prominently on the vortex state for the increasing process, a metastable disordered vortex state would be created in the bulk region. Moreover, in this context, the critical current would become lower for the decreasing process because of the annihilation of the disordered vortex state; this was shown in the presence of a dc driving current by Paltiel et al. 25 Normally, such a phenomenon due to the edge contamination is observed under weak thermal fluctuations in materials with surface barriers, e.g., NbSe 2 , which is a low-T c superconductor. [26] [27] [28] Figure 2͑b͒ shows the V-I curves obtained at 70 K under various magnetic fields for the ZFC and FC modes for sample A. The V-I curves and the threshold current for the ZFC mode agree with those for the FC mode. This agreement implies that bulk pinning is weak because of strong thermal fluctuations at high temperatures. Consequently, the influence of crystal defects can be almost neglected at least above 70 K. In addition, the slope of the V-I curves changes prominently in the vicinity of 50 Oe. Below approximately 50 Oe, the V-I curves have a linear profile with a sudden appearance of voltage in a low-voltage region. On the other hand, above approximately 50 Oe, the V-I curves exhibit a nonlinear shape with a weak upturn, namely, flux creep due to thermal fluctuations appears in the low-voltage region. The change in the slope should reflect a change of the vortex state with the increase in the field. Moreover, even for magnetic fields below 50 Oe, the V-I curves have a drastic dependence on the field, though the slopes just after depinning are similar to each other.
III. RESULTS AND DISCUSSION
J c calculated from the V-I curves at 70-77 K is plotted as a function of the magnetic field in Fig. 3 . At all the measured temperatures, J c increases with the magnetic field below several tens of oersteds and reaches a peak. Further increases in the field lead to a reduction in J c . The field at which the peak in J c appears, H peak , increases with decreasing temperature, as shown by the arrows in Fig. 3 . This peak effect of J c is different from the second-peak ͑SP͒ effect that is observed as a result of the order-disorder transition from the Bragg glass 29, 30 to a disordered state of two-dimensional pancake vortices in Bi-2212 bulk single crystals without intensive bulk pinning. [31] [32] [33] The following three aspects are brought to light by comparison with the SP effect. First, the SP effect in bulk single crystals normally emerges at temperatures below 40 K, whereas the peak effect in the whisker appears at high temperatures where thermal fluctuations dominate over the bulk pinning potential. Second, H peak is dependent on the temperature and is shifted to higher fields with decreasing temperature, in contrast to the case of bulk single crystals, where the SP effect is independent of temperature or may have a weak temperature dependence owing to the inverse melting reported by Avraham et al. in Ref. 34 . Finally, H peak is much lower than that in the SP effect in bulk single crystals, which normally exhibit a peak in J c under a magnetic field in the range of 200-1000 Oe on the basis of the threeto two-dimensional crossover field varied by the strength of the superconducting anisotropy. 35 For example, H peak of the data for 70 K in Fig. 3 is about 45 Oe. If the induction B = 45 G, the triangular vortex lattice constant is approximately 0.7 m. This suggests that H peak is too low for the peak effect to be caused by chemical inhomogeneity. For dilute vortices in the low-field regime near H c1 , for example, when a magnetic field of 45 Oe is applied, the actual induction should be lower than 45 G. In this context, the vortex lattice constant will become larger than the value expected from the applied magnetic field.
Next 38 and a high temperature of 70 K near T c , the following formulas associated with the thickness-to-width ratio t / w are applied in the present work to estimate H p in the two cases of BLSBs and GBs. As proposed by Burlachokov et al. for two-dimensional vortices, 13 the penetration field governed by BLSBs is given by
where T 0 is the characteristic temperature with regard to the flux creep. On the other hand, the penetration field governed by GBs is given by 18 Therefore, the first vortex penetration to the center of the Bi-2212 whisker at high temperatures is possible by applying a magnetic field below H c1 because of the effect of surface barriers. As shown for the data of 70 K in Fig. 3 , an enhancement of J c is observed in the low-field regime above H p and near the calculated H c1 . Moreover, the present peak effect is inconsistent with the peak effect observed at low temperatures by a global magnetization measurement in previous work; 39 the peak effect observed around 20 K in Bi-2212 whiskers reflects the first vortex penetration to the center of the sample owing to the asymmetric shape of the magnetization loop affected by surface barriers. In fact, the magnitude of H peak estimated from the magnetization loop is similar to that of H p reported by Gregory et al. in Ref. 18 . However, for vortices penetrating to the center of the sample in the presence of magnetic fields below H c1 , the enhancement in J c with the field is not due to the first vortex penetration, but due to the following reason.
With respect to dilute vortices that penetrate superconductors for H Ͻ H c1 , the vortex dome in the bulk single crystals should have a high orientation and a large correlation length for the vortex lattice; this was observed by Marchevsky et al. in NbSe 2 single crystals using the Bitter decoration technique. 11 However, in the case of dilute vortices in the Bi-2212 whiskers with small cross sections, the influence of the energy potential induced by surface barriers will reach the center of the sample owing to the narrow width; the distance from the center of the sample to the flux-free region near the surface is much shorter than that for bulk single crystals. In this context, the vortex distribution with an underdeveloped two-dimensional symmetry, for example, a one-dimensional-like vortex array along the a axis and weakly interacting ͑liquidlike͒ vortices confined to the whisker by surface barriers, should appear before the formation of the triangular vortex lattice. The change in the correlation of dilute vortices affects the field dependence of J c . Therefore, the peak effect observed in the whisker is considered to be the result of the transition from the vortex state with the precursory configuration before the triangular vortex lattice formation to the quasiordered state of the two-dimensional vortex lattice, which is the Bragg glass ͑or may be the vortex crystal described by Beidenkopf et al. in a recent paper 40 ͒. In particular, when the sample dimension perpendicular to the magnetic field, i.e., the width of the whisker, is less than the order of the translational correlation length ͑ϳ10a 0 , where a 0 is the intervortex spacing 12 ͒ observed in bulk single crystals, the precursory state will be formed in a low-field regime before the emergence of the quasiordered state composed of the triangular vortex lattice. The interpretation with respect to the vortex distribution may be supported by the local magnetization of the Bi-2212 whiskers that was measured by James et al. at low fields. 41 Sharp jumps in the local magnetic induction also suggest a change in the configuration of vortices confined to the strip geometry by the surface barriers.
On the other hand, in the absence of the size effect, the peak effect in the low-field regime does not emerge for H Ͼ H p , as described by Elistratov et al. for an edge-dominant condition similar to the present situation. 42 Moreover, ac-cording to the collective pinning model proposed by Larkin and Ovchinnikov, 43 J c for H Ͼ H p should be inversely proportional to the field if the correlation volume is almost independent of the field in the low-field regime. The behavior in the absence of the size effect is obviously different from the present results in which the peak effect is observed.
In the inset of Fig. 3 , critical current densities normalized by the maximum value of J c , i.e., the magnitude of J c ͑H peak ͒, are plotted as a function of the magnetic field normalized by the magnitude of H peak . For H / H peak Ͻ 1, the reduced critical current densities are almost independent of temperature, whereas for H / H peak Ͼ 1, they are inversely dependent on the temperature. This indicates that the manner of dissipation due to vortex motion is changed at H peak . For high magnetic fields ͑ϾH peak ͒ where the vortices are in the quasiordered state, thermal fluctuations apparently contributed to the vortex depinning; this means that vortices overcome the energy potential induced by surface barriers and move in a direction assisted by the driving force due to transport currents. On the other hand, for low magnetic fields ͑ϽH peak and H c1 ͒, vortices that enter the sample owing to thermal fluctuations participate in the vortex state with underdeveloped twodimensional symmetry and almost do not exit from the sample because the vortices are pushed toward the center of the sample by the Lorentz force due to the Meissner current when the transport current is low. Consequently, the thermal contribution to vortex depinning is weak, namely, the flux creep due to thermal fluctuations is suppressed in the vortex state with the precursory configuration before triangular vortex lattice formation. The vortex dynamics that contributed to the dissipation for H Ͻ H peak will be mainly due to the driving force induced by a high transport current. Further support for the interpretation comes from the result that the V-I curves in the low-voltage region for H Ͻ H peak exhibit an almost linear slope similar to the behavior observed at low temperatures. For high fields ͑H Ͼ H peak ͒, the influence of the flux creep due to thermal fluctuations of the quasiordered vortex state obviously appears in the V-I characteristics ͓see Figs. 2͑a͒ and 2͑b͔͒ . Figure 4 shows the V-I curves obtained under magnetic fields at 77 K for the ZFC mode for sample B ͑in the main panel͒ and the field dependence of J c obtained at temperatures of 70-77 K ͑in the inset͒. An enhancement in J c is observed in the presence of low magnetic fields at all the measured temperatures ͑70, 73, 75, and 77 K͒ for sample B as well as sample A, as shown in the inset of Fig. 4 . H peak is slightly higher than that at a given temperature for sample A. For example, for the data of 70 K, sample A with a width of 7.1 m and sample B with a width of 5.4 m exhibit H peak values of 45 and 60 Oe, respectively. The difference between samples A and B with regard to the magnitude of H peak is consistent with the scenario of the peak effect attributed to the sample size; the smaller the width of a sample, the higher the magnetic field required for vortices to form a triangular vortex lattice. Note that the peak effect occurs independent of the reverse transport current. In Fig. 4 , the threshold current of the V-I curve for 10 Oe is lower than that for 35 Oe irrespective of the sign of the transport current. Therefore, the peak effect does not result from the effect of asymmetric surface barriers described by Vodolazov and Peeters in Ref. 44 .
The peak effect in the Bi-2212 whiskers is confirmed not only by the behavior of the V-I curves, but also by a fieldinduced zero-voltage state detected with a step-by-step magnetic field ramping, as shown in Fig. 5 ; here, the voltage V is plotted as a function of the magnetic field H. A low-field region is enlarged in the inset. The data for sample A were obtained at a constant temperature of 70 K and for a fixed transport current, with several values in the range 1.0-2.5 mA. The V-H profile for the low transport current of 1.0 mA ͑approximately 1.8ϫ 10 4 A/cm 2 ͒ exhibits the simple features observed normally in Bi-2212 bulk samples;
45 the voltage appears above a threshold field, and then gradually increases with the field. The profile for the higher transport currents ͑1.5 and 2.0 mA͒ has the following field-induced zero-voltage state in the low-field regime. For example, in the profile for 2.0 mA ͑approximately 3.5ϫ 10 4 A/cm 2 ͒, a voltage appears in the absence of a magnetic field and in the presence of low magnetic fields; subsequently, it rapidly disappears above an influential field H inf . Further increases in the field lead to the reappearance of the voltage. In the profile for 2.5 mA ͑approximately 4.4ϫ 10 4 A/cm 2 ͒, the Lorentz force due to the high transport current accelerates the vortex depinning. Consequently, the field-induced zero-voltage state vanishes and a finite-voltage state appears in the entire region of the fields. H inf is approximately 15 Oe under the present conditions. For magnetic fields above H inf , the fieldascending branch agrees with the field-descending branch. The reversibility suggests that the peak effect shown in Fig.  3 has no relation not only to the generation of a metastable vortex state due to edge contaminations, but also to the heating due to the Joule effect that takes place at the electrical contacts. According to the experiment by Nideröst et al., 46 the penetration of the magnetic flux is dependent on the ramping rate of the field. In the present work, the ramping time to the individual target fields is approximately 60 s. Moreover, the transport current density is higher than 1.8 ϫ 10 4 A/cm 2 , which is estimated on the basis of the assumption of homogeneous current flow. Therefore, the BLSBs should be ineffective in the suppression of the flux penetration because of the slow rate of the ramping field, the thermal fluctuations due to the high temperatures, and the driving force due to the transport current. This is supported by the result that the magnitude of H inf is close to that of H p estimated for the GBs. Although interpreting H inf in practice is difficult because of the dynamic measurement in the present experiment, the remarkable reduction in the voltage above H inf appears to be associated with the crossover in the vortex state from weakly interacting vortices ͑like single vortices͒ to a bundle due to an enhanced interaction between vortices just before the formation of the triangular vortex lattice. Here, the current density levels corresponding to transport currents 1.0 and 2.0 mA are shown by the dotted and dashed lines in Fig. 3 , respectively. The V-H curves for 1.0 and 2.0 mA express the feature of the J c ͑H͒ profile shown in Fig. 3 well: a finite-voltage state above the J c ͑H͒ curve and a zero-voltage state below. The field-induced zerovoltage state is also observed at the other measured temperatures ͑73, 75, and 77 K͒ for high transport currents above the critical current obtained under a self-induced magnetic field. Moreover, sample B also exhibits such a field-induced zerovoltage state.
An enhancement in J c with the magnetic field H at temperatures T near T c has been reported in untwinned overdoped YBa 2 Cu 3 O 7 ͑YBCO͒ single crystals 47, 48 and NbSe 2 single crystals. 49 However, the magnetic field at which a peak in J c ͑H͒ appears is much higher than H peak in the Bi-2212 whiskers; the H peak in YBCO and NbSe 2 are in the range of a few kilo-oersteds to several tens of kilo-oersteds. Although the exact origin for the peak effects of the two superconducting materials may be controversial, schematic scenarios for the occurrence of the peak effects are as follows. As described theoretically by Ikeda in Ref. 50 , in the case of the YBCO system, the lower critical point H lcp is enhanced owing to the small anisotropy in contrast to Bi-2212 superconductors. The peak effect near T c emerges as the signature of an order-disorder transition because vortexlattice melting and irreversibility lines are different from each other with regard to the temperature dependence at high temperatures above H lcp . 47 Normally, H lcp in Bi-2212 single crystals cannot be observed owing to the high anisotropy; therefore, the peak effect for fields below H lcp will be undetectable in the Bi-2212 material. On the other hand, in the case of the NbSe 2 system, the peak effect near T c is observed as an order-disorder transition from the Bragg glass to a disordered phase such as a polycrystalline solid in the magnetic field region close to the upper critical field H c2 when the magnetic field or temperature is varied in the temperature region near T c in the H-T plane. 51, 52 Therefore, the individual scenarios of these peak effects appear to be different from that of the present peak effect observed in the low-field regime near the calculated H c1 in the Bi-2212 whiskers.
For Bi-2212 bulk single crystals with a strong disorder and/or a reduced anisotropy, the vortex-lattice melting ͑H m ͒ line is pushed slightly downward in the H-T plane owing to the effect of bulk pinning; 53 therefore, the SP effect is observable up to the vicinity of T c . 32, 54, 55 Contrary to the present peak effect, the SP effect is a result of the orderdisorder transition from a long-range-ordered vortex state to a disordered vortex state due to bulk pinning, and the H peak line at high temperatures in the H-T plane lies close to the H m line rather than the H c1 line. The present peak effect seems to bear little relation to the SP effect.
The reproducible results of the present work indicate that the peak effect of J c at high temperatures and the resulting concave voltage response to the fields are not artificial effects but intrinsic phenomena attributed to the surface barriers and the narrow widths of the Bi-2212 whiskers. In particular, the nonlinear response of the concave V-H curves should accelerate the application of the Bi-system high-T c superconducting whiskers to electronic devices because the phenomenon occurs under low magnetic fields below several hundred oersteds.
IV. CONCLUSION
We have investigated the V-I characteristics with the configuration of I ʈ a axis and H ʈ c axis in Bi-2212 whiskers. At high temperatures above 70 K, J c increases and exhibits a peak below several tens of oersteds before decreasing monotonically with the increasing field. Contrary to the case of Bi-2212 bulk single crystals, the peak effect occurs in the low-field regime near H c1 . The field at which a peak of J c ͑H͒ appears is dependent on temperature. In addition, the peak effect is consistent with a field-induced zero voltage that is measured at a constant temperature and fixed transport current with a step-by-step field ramping. The enhancement in J c with the field is related to dilute vortices, which enter the samples owing to the effect of surface barriers. This phenomenon suggests a transition from a vortex state with a precursory vortex configuration induced by the narrow widths of the whiskers to a quasiordered state composed of the triangular vortex lattice.
